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and growth rate studies were carried out on full-scale piping components, containing pre-existing flaws, 
subjected to different exposure and loading conditions. 
‘Ratcheting’ is a phenomenon which leads to reduction in fatigue life of a structural component by loss of 
ductility due to cycle by cycle accumulation of plastic strain.  Ratcheting can occur in a structure subjected to a 
combination of steady/sustained and cyclic loads such that the material response is in the inelastic region.  NPP 
piping components, which are under high pressure, are subjected to large amplitude reverse cyclic loading 
during earthquake events and the stresses are likely to exceed the elastic limit of the piping material.  In this 
situation, there is a strong possibility of plastic strain accumulation by ratcheting.  Accurate prediction of such 
ratcheting response in piping components is very important to avoid catastrophic failures.  Ratcheting studies 
were carried out on straight pipes and elbows under combined internal pressure and in-plane bending moment. 
The pipe and elbow specimens used in the present studies were made of TP 304LN SS conforming to 
ASTM A 312/A 312 M - 09 standard [1].  The yield strength and ultimate tensile strength were 345 MPa and 
521 MPa respectively.  The percentage elongation was 65 and the Young’s modulus was 195 GPa. 
2. Cyclic fracture studies on welded straight pipes 
Totally 16 specimens were tested under static and cyclic loading under four point bending [2, 3].  All the 
pipes had circumferential through-wall notch in the weld.  The length of the pipes varied from 1995 mm to 
5090 mm.  The average thickness of the pipes varied from 14.5 mm to 26.1 mm.  The initial notch length was 
approximately 90 mm in the case of 170 mm OD specimens and 170 mm in the case of 324 mm OD specimens.  
The corresponding notch angle in both the cases was approximately 60°.  Prior to the fracture experiments, all 
the specimens were fatigue pre-cracked under four point bending.  The fracture studies were carried out under 
load-control, displacement-control and combination of the two.  The maximum and minimum load values in 
the load-controlled fracture tests were decided as a percentage of the static load carrying capacity of similar 
specimen.  The specimens were tested till failure, i.e., either the crack grew in an unstable manner or reached a 
stage where the specimen could not carry any further load.  Test details and results are given in Table 1.  Figure 
1 shows a typical test set-up.  
 
 
Fig. 1. Cyclic fracture studies on a straight pipe. 
QCSP12-60-TWC-NGW-L4
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Table 1.  Cyclic fracture studies on welded straight pipes. 
Sl. 
No. Specimen No. 
Type of 
loading Mode of control 
Applied load / 
LLD 
Number of 
cycles to failure 
Final crack 
angle (°) 
Shielded Metal Arc (SMA) welded specimens 
1. SP6-60-TWC-SSW-M1 Static Displacement 
Displacement 
Displacement 
- - 157.5 
2. QCSP6-60-TWC-SSW-D2 Cyclic 
Cyclic 
Cyclic 
±17.25 mm 29 123.4 
3. QCSP6-60-TWC-SSW-D3 ±25 mm 10 143.3 
4. QCSP6-60-TWC-SSW-L4 Load ±270 kN 92 122.8 
5. SSPW6-25 Static Combined - - 151.2 
Narrow Gap (NG) welded specimens 
6. QCSP6-60-TWC-NGWP-L1 Cyclic 
Cyclic 
Cyclic 
Load 
Load 
Load 
±280 kN 195 140.8 
7. QCSP6-60-TWC-NGWP-L2 ±345 kN 19 146.5 
8. QCSP6-60-TWC-NGWP-L3 ±315 kN 41 152.4 
9. QCSP6-60-TWC-NGWP-D4 Cyclic Displacement ±20 mm 26 247.5 
10. QCSP6-60-TWC-NGWP-C5 Combined Incremental 22 237.7 
11. SSPW12-27 Static Displacement - - 92.0 
12. QCSP12-60-TWC-NGW-C1 Cyclic 
Cyclic 
Cyclic 
Cyclic 
Cyclic 
Combined Incremental 28 114.2 
13. QCSP12-60-TWC-NGW-L2 Load 
Load 
Load 
Load 
±650 21 94.0 
14. QCSP12-60-TWC-NGW-L3 ±560 72 110.6 
15. QCSP12-60-TWC-NGW-L4 ±510 121 126.0 
16. QCSP12-60-TWC-NGW-L5 ±590 41 106.0 
3. Fatigue crack growth (FCG) studies on straight pipes and elbows 
Fatigue crack initiation and growth rate studies were carried out on full scale piping components, 14 straight 
pipes and four elbows, containing pre-existing flaws, subjected to different exposure and loading conditions 
[4].  Approximate specimen and notch dimensions were: OD and thickness of the pipes 169 mm and 14.75 mm 
respectively; OD and thickness of the elbows 168 mm and 15.75 mm; notch length and depth in pipes 36 mm 
and 3.4 mm; and notch length and depth in elbows 13.25 mm and 3.5 mm respectively.  Three specimens 
(SSPW6-2, SSPHZ6-3 and SSPW6-8) were NG welded with notch in the weld; the remaining 11 specimens 
were unwelded with notch in the base metal.   All the specimens were tested under load-control except one 
elbow (SSE6-23) which was tested under displacement-control.  One pipe (SSPB6-14) was studied under block 
loading and one (SSPB6-15) under variable loading.  Normal fatigue loading was preceded by vibration 
loading of 10,00,000 cycles in two pipes (SSPB6-16 and SSPB6-17).  Nine straight pipes were tested under 
four point bending in air environment; three under four point bending in water environment; and two under 
combined torsion and bending in air environment.  All the four elbows were studied under closing moment in 
air environment.  Test details and results are given in Tables 2 and 3.  Figures 2 and 3 show close-up views of 
FCG studies on straight pipes in water environment and under combined torsion and bending, respectively. 
 
Fig. 2 .Close-up view of FCG studies on a straight pipe in water 
environment. 
Fig. 3. Close-up view of FCG studies on a straight pipe under 
combined torsion and bending. 
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Table 2.  Fatigue crack growth studies on straight pipes. 
Sl. No. Specimen ID Load range (kN) Test condition 
No. of cycles to 
crack initiation thorough-wall crack 
1. SSPB6-1 -258 to -25.8 
Four point bending; 
room temperature 
4,000 38,750 
2. SSPW6-2     -258 to - 25.8 2500 86,500 
3. SSPHZ6-3   -258 to - 25.8 7500 70,250 
4. SSPB6-4 -258 to -129 3,500 73,600 
5. SSPB6-5 -129 to +129 3,250 50,000 
6. SSPB6-7 -258 to - 25.8 Four point bending; 
room temperature;  water environment 
 
1,000 19,500 
7. SSPW6-8     -258 to - 25.8 5,000 31,300 
8. SSPB6-10 -258 to -129 3,000 72,600 
9. SSPB6-14 
Varying from 
(-258 to -25.8) to 
(-387 to +129) 
Four point bending; 
room temperature;     block loading 500 17,001 
10. SSPB6-15 Varying from (-278 to +222.4) 
Four point bending; 
room temperature; variable loading 2,000 27,600 
11. SSPB6-16 
-55 to -5.5 
at 10 Hz 
Four point bending; 
room temperature; vibration loading 10,00,000 - 
-258 to - 25.8 Four point bending; 
room temperature 1,000 14,150 
12. SSPB6-17 
-55 to -5.5 
at 5 Hz 
Four point bending; 
room temperature; vibration loading 10,00,000 - 
-258 to - 25.8 Four point bending; 
room temperature 2,000 13,400 
13. SSPB6-18 -175 to -17.5 Torsion & bending;   room temperature 900 47,500 
14. SSPB6-19 -258 to -25.8 Torsion & bending;   room temperature 500 26,850 
Table 3. Fatigue crack growth studies on elbows. 
Specimen No. Notch type Number of cycles to 
crack initiation 
(0.1 mm) 
through-wall 
crack 
end of test 
SSE6-20 AC 252000 - 628556* 
SSE6-22 CE - - 211000* 
SSE6-21 Healthy elbow 109000 - 113510* 
SSE6-23 100 73500 74075 
* Test was stopped at this number of cycles without achieving through-wall crack. 
4. Ratcheting studies on straight pipes and elbows under combined internal pressure and in-plane 
bending moment 
Ratcheting experiments were carried out on four straight pipes and four elbows of 168 mm OD [5].  The 
straight pipes were of 2800 mm length. The average initial thickness varied from 14.3 mm to 15.3 mm.  The 
thickness was reduced to 12.0 mm in the gauge length portion of 200 mm at the centre of the pipe by 
machining.  The length of straight portions of the elbows was 500 mm, the radius of the bent portion was 225 
mm and the total length of the elbows was 1342 mm. The average thickness of the elbows varied from 14.7 mm 
to 15.1 mm.  The pipe specimens were subjected to completely reversed four point bending load. The inner and 
outer spans were 900 mm and 2000 mm respectively.  In the case of elbow specimens, cyclic bending load 
under in-plane opening and closing moments was applied under pin-pin support conditions. All the eight tests 
were carried out under displacement control by subjecting the specimens to different levels of load-line 
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displacement.  The specimens were filled with water and pressurized; the pressure was maintained by using an 
automated high pressure hydraulic pump.  Table 4 gives the details of applied internal pressure, cyclic 
displacement range and maximum load range for all the specimens.  Figures 4 and 5 show the close-up views 
of experimental set-up for pipe and elbow specimens respectively.  Occurrence of through-thickness crack in 
the specimens was indicated by a sharp water jet.  The specimens underwent significant ballooning, ovalization 
and consequent thinning of the cross-section during ratcheting. 
Table 4. Ratcheting studies on straight pipes and elbows. 
Specimen ID 
Internal 
pressure 
(MPa) 
Cyclic 
displacement 
range (mm) 
Maximum 
load range 
(kN) 
Specimen ID 
Internal 
pressure 
(MPa) 
Cyclic 
displacement 
range (mm) 
Maximum 
load range 
(kN) 
Pipe Specimens Elbow Specimens 
QCP-RAT-6-L1 35.0 ± 24 1156 QCE-RAT-6-L1 37.9 ± 51* 309 
QCP-RAT-6-L2 35.0 ± 45 1098 QCE-RAT-6-L2 39.2 ± 41* 280 
QCP-RAT-6-L3 35.0 ± 40 1393 QCE-RAT-6-L3 27.6 ± 46* 280 
QCP-RAT-6-L4 35.0 ± 33 1365 QCE-RAT-6-L4 27.6 ± 55* 290 
* Includes 6 mm to 8 mm of actuator displacement due to backlash caused by end fixtures with hinges. 
 
 
 
Fig. 4. Close-up view of ratcheting studies on a straight pipe. Fig. 5. Close-up view of ratcheting 
studies on an elbow. 
 
5. Summary  
• Based on the results of load-controlled cyclic fracture experiments, material specific plots between cyclic 
load amplitude (as a percentage of maximum load carrying capacity of a specimen under monotonic 
fracture) and number of cycles to failure were obtained.  The results indicate that the piping components 
subjected to quasi-cyclic loading may fail in very less number of cycles even when the load amplitude is 
sufficiently below the monotonic fracture/collapse load. 
• Vibration loading prior to cyclic loading results in increased fatigue crack growth.  Fatigue life is reduced 
approximately by a factor of two in water environment in comparison to air test results.  The applied load 
range being the same, combined torsion and bending has resulted in 31% reduction in fatigue life in 
comparison to that of pure bending. 
• During ratcheting studies, the pipe specimens failed by occurrence of through-thickness crack accompanied 
by either simultaneous ballooning or simultaneous ballooning and bursting.  The ballooning was found to be 
varying from 13.4% to 19.0% with respect to the original diameter.  The percentage reduction in thickness 
varied from 8.0% to 16.3%.  All the elbows failed by occurrence of axial through-thickness crack 
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accompanied by simultaneous ballooning.  The ballooning was found to be varying from 3.8% to 5.8% and 
the reduction in thickness was 12% to 15%. 
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